Our previous studies have shown good biocompatibility of fluorapatite (FA) crystal surfaces in providing a favorable environment for functional cell-matrix interactions of human dental pulp stem cells (DPSCs) and also in supporting their long-term growth. The aim of the current study was to further investigate whether this enamel-like surface can support the differentiation and mineralization of DPSCs, and, therefore, act as a potential model for studying the enamel/dentin interface and, perhaps, dentine/pulp regeneration in tooth tissue engineering. The human pathway-focused osteogenesis polymerase chain reaction (PCR) array demonstrated that the expression of osteogenesis-related genes of human DPSCs was increased on FA surfaces compared with that on etched stainless steel (SSE). Consistent with the PCR array, FA promoted mineralization compared with the SSE surface with or without the addition of a mineralization promoting supplement (MS). This was confirmed by alkaline phosphatase (ALP) staining, Alizarin red staining, and tetracycline staining for mineral formation. In conclusion, FA crystal surfaces, especially ordered (OR) FA surfaces, which mimicked the physical architecture of enamel, provided a favorable extracellular matrix microenvironment for the cells. This resulted in the differentiation of human DPSCs and mineralized tissue formation, and, thus, demonstrated that it may be a promising biomimetic model for dentin-pulp tissue engineering.
Introduction
T ooth loss caused by caries, periodontal diseases, trauma, and other diseases is common and seriously affects the life quality of humans. Lost teeth are traditionally replaced by artificial dentures or implants. However, artificial dentures and implants are not physiologically or biologically functional restorations of lost teeth. Recent advances in tissue engineering and stem cell biology provide an attractive prospect for dental pulp regeneration and repair of injured hard tissues such as dentin and bone. 1 For tooth or bone tissueengineering purposes, biocompatible and bioactive scaffolds, responding mesenchymal cells, and inductive growth factors are the three key ingredients. Among all the tissue-engineering techniques, a biocompatible scaffold with appropriate chemical, physical, and mechanical properties is essential to the repair and functional regeneration of impaired tissues. Ideally, it is desirable that a scaffold should not only support the longterm growth of specific cells but also direct the differentiation of these cells toward the creation of functional tissues.
During tooth development, the formation of dentin is achieved through epithelial signal-induced differentiation of dental papilla mesenchymal cells into odontoblasts. After the eruption of a tooth, the regeneration of dentin depends on dental mesenchymal stem cells differentiating into odontoblasts. To date, a readily accessible source of such stem cells is the dental pulp: the human dental pulp stem cells (DPSCs). These cells provide, in a tissue-engineering sense, a promising approach to achieve dentin and pulp regeneration and repair. Further through interactions with the enamel-like, ordered (OR) fluorapitite (FA) crystal surfaces, eventually help to create an enamel/dentin/pulp complex because these cells are easily collected, have a rapid proliferation rate, and multiple differentiation potentials.
FA crystal surface, which involved a set of delicately regulated matrix and adhesion molecules. This could be further manipulated by treating the cells with a dentin inducing supplement (dentin extract), to produce a dentin/enamel superstructure. 5, 6 However, we had also shown that MG-63 cells grown on the FA surface were able to differentiate and mineralize without treatment with an osteogenic induction (OI) supplement. 7 This suggested that the FA crystal films, probably through their intrinsic properties and their surface characteristics, may promote the differentiation and mineralization of dental mesenchymal stem cells without treatment by dentinal soluble molecules or by a mineralization inducing supplement.
Thus, in the present study, we aimed at investigating whether FA crystal surfaces induce and promote the differentiation and mineralization of human DPSCs and, as a result, provide a scaffold for the dentin and pulp regeneration and, potentially, a simple biomimetic model for creating an enamel/dentin/pulp complex. The human pathway-focused osteogenesis polymerase chain reaction (PCR) array was performed to detect the expression of pathway-focused osteogenesis-related molecules. To prove our hypothesis and to detect whether FA induced and promoted differentiation and mineralization, staining for alkaline phosphatase (ALP) and hard tissue formation was carried out on DPSCs cultured on FA as well as etched stainless steel (SSE) surfaces with or without a mineralization promoting supplement (MS).
Materials and Methods

Synthesis of the FA apatite surfaces
The synthesis and coating of the FA crystal on the SSE has been carried out as previously described. 4, 7 Briefly, for a typical synthesis of FA crystals, 9.36 g ethylenedeiaminetetraacetic acid calcium disodium salt (EDTA-Ca-Na 2 ) and 2.07 g NaH 2 PO 4 $H 2 O were mixed with distilled water to a full volume of 90 mL. The suspension was continuously stirred until the powder was completely dissolved. The pH was adjusted to 6.0 using NaOH. At the same time, 0.21 g NaF was dissolved in 10 mL distilled water (pH 7.0) and continuously stirred. The two solutions were mixed, and the FA crystal growth on the substrates (15 mm 316 stainless steel discs) was achieved by adding the plates to 200 mL of newly prepared EDTA-Ca-Na 2 /NaH 2 PO4/NaF mixture and then autoclaving at 121°C at pressure of 2.4 · 10 5 Pa for 10 h. OR and DS films were synthesized separately on the under surfaces and upper surfaces of the stainless steel discs, respectively.
Cell culture and seeding
DPSCs (kindly donated by Dr. S. Shi, USC) were subcultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, and 100 mg/mL of streptomycin, maintained at 37°C in a humidified atmosphere containing 5% CO 2 . Before cell seeding, the OR, DS FA, and SSE surfaces were incubated with a culture medium for 2 h. DPSCs at passage 5 were then seeded onto the different surfaces at a density of 5 · 10 4 cells/mL in 12-well plates under the culture conditions just described. After confluence, DPSCs were further cultured with or without treatment of MS. The medium and the supplements were replaced every 2 days.
ALP staining
After 1 week of culturing with or without MS of ascorbic acid (50 mg/mL) and b-glycerophosphate (10 mM), DPSCs grown on OR, DS, and SSE surfaces were washed with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde for 30 min, washed 3 · in dH 2 O, and then incubated with 1 mg/mL Fast red TR (Sigma-Aldrich) and 0.5 mg/mL napthol AS-MX phosphate (Sigma-Aldrich) 0.1 M Tris buffer (pH 9.2) containing 1% N,N dimethylformamide (Sigma-Aldrich) for an ALP-substrate color reaction. After incubation at 37°C for 1 h, the cultures were washed twice in PBS, counterstained in 4¢,6-diamidino-2-phenylindole (DAPI) (300 mM, Invitrogen) for 10 min, and then further washed twice in PBS before fluorescence imaging. Discs without cells served as controls.
Scanning electron microscope observation
After 4 weeks of culture with or without mineralization induction, the DPSCs grown on the different surfaces were rinsed and fixed in 2.5% glutaraldehyde for 1 h, dehydrated through a series of grade ethanol from 25% to 100%, and then placed in a vacuumed desiccator to dry overnight. Scanning electron microscope (SEM) analysis was conducted on a Phillips XL30FEG SEM (FEI Company) operated at 10 kV. The SEM specimen was coated with an Au/Pd film to prevent specimen charging.
Alizarin red staining and osteogenesis quantitative assay
After 4 weeks, the cells grown on three different surfaces, with or without the addition of MS, were collected for Alizarin red staining according to the manufacturer's instructions (Osteogenesis Assay Kit, Millipore). Briefly, the cells were rinsed, fixed with 70% ethanol, incubated with Alizarin red staining solution for 20 min, and washed with dH 2 O 4 · 5 min. After staining, the quantitative analysis was carried out through the extraction of Alizarin red from stained samples using acetic acid according to the manufacturer's protocols. Three to five samples from each group were used for the Alizarin red quantification. The Alizarin red concentration was determined by the optical density value at absorbance of 405 nm. Discs without cells were also stained as controls.
RNA isolation and reverse transcription
Total cellular RNA was isolated from DPSCs grown for 4 weeks with or without MS treatment on the three different surfaces using the RNeasy Mini kit according to the manufacturer's instructions. The RNA was treated with the RNasefree DNase Set during RNA isolation. The cDNA samples were prepared from the isolated RNA using the reverse transcription (RT) first-strand kit, according to the manufacturer's protocols. An average of eight replicates of each FA crystal substrate on which the cells were grown was used for the total cellular RNA isolation and cDNA sample preparation.
RT 2 profiler PCR array analysis
The gene profile of each specimen was analyzed using the human pathway-focused osteogenesis PCR array. Briefly, the prepared cDNA samples were added to the RT 2 qPCR 822 WANG ET AL.
master mix containing SYBR Green and reference dye. The mixture just described was then aliquoted across the PCR array templates that contain 84 human osteogenesis pathway-specific genes plus controls. The real-time PCR analysis was carried out using an ABI 7700 sequence detector (Applied Biosystems). Relative gene expression values were analyzed using the Superarray web-based software package that performed all DDCt-based fold-change calculations, which sets a change of at least twofold as the ''cutoff'' value for the transcripts being differentially expressed in the experimental groups. Duplicate 96-well plates were used in this PCR array analyses.
In vitro tetracycline staining
The growth of DPSCs on FA crystal surfaces under the conditions just described was extended for an additional 2 weeks. After 6 weeks of induction, tetracycline, a bone fluorochrome was administered to label mineralized tissue formation. Briefly, the labeling medium (DMEM with 20 mg/mL .com/tec tetracycline) was freshly prepared, and then used for the last feeding of cells grown on the experimental surfaces. After staining, the discs with seeded cells were washed with DMEM, fixed in 10% neutral buffered formalin, and embedded in methyl methacrylate by routine histological methods. Serial sections of 150 mm thickness were cut from specimens with a diamond saw, and then ground and polished to approximately 10 mm using a microgrinding machine system (D-2000; Exakt-Apparatebau). The sections were then observed and imaged under fluorescence microcopy and further stained using 1% toluidine blue for histological observation. After that, the fluorescence pictures are merged with their corresponding toluidine blue staining pictures.
Statistical analysis
The osteogenesis quantitative assay results were statistically analyzed using GraphPad Prism 5 for one-way analysis of variance and Tukey's post hoc test of an average of three to five replicates, and significance was considered at p < 0.05. Data are expressed as means -standard deviation.
Results
ALP staining
ALP-positive cells were stained red, and cell nuclei were stained blue. After 1 week, without MS treatment, a few ALP-positive cells could be seen in DPSCs grown on OR and DS surfaces. No identifiable ALP-positive staining was found in the DPSCs grown on SSE surfaces (Fig. 1A) . With MS treatment, there was obvious ALP staining in all groups. However, the DPSCs grown on OR and DS surfaces displayed much stronger ALP staining compared with those on the SSE surfaces. Stronger ALP staining could also be observed in the DPSCs grown on OR surfaces than in those on DS surfaces (Fig. 1B) .
SEM observation
To observe the mineral deposition and mineralized matrix formation on the experimental surfaces, the cellular layers were mechanically removed before specimen processing. After 4 weeks, mineral nodules were seen on both DS and OR FA surfaces with and even without MS. However, either with or without MS, more densely deposited nodules combined with a cellular matrix were observed on the OR FA surface compared with the DS one (Fig. 2) . No SEM pictures of the SSE surface were able to be taken, as the whole surface layers were easily removed after the cells had been detached.
Alizarin red staining
After 4 weeks, without MS treatment, positive Alizarin red staining was seen in DPSCs grown on OR and DS surfaces, whereas no positive staining was observed in cells grown on SSE surfaces. With MS treatment, DPSCs grown on OR, DS, and SSE surfaces all displayed obvious Alizarin red staining. The staining intensity of cells grown on OR and DS surfaces was much stronger than that on SSE surfaces (Fig. 3) . A subsequent quantitative osteogenesis assay was consistent with the results just cited (Fig. 4) .
In vitro tetracycline staining
After being cultured with or without MS treatment on SSE and the FA-coated discs for 6 weeks, the cells grown on both the FA surfaces showed identifiable fluorescence staining for mineralized tissue formation. The OR FA stimulated evident mineralized tissue integration within the crystal layer, and this fluorescence staining, after being merged, overlapped with a similar obvious toluidine blue staining (Fig. 5) . However, there was no identifiable staining for hard tissue formation in SSE groups and slightly positive fluorescence staining in DS surfaces with or without MS treatment (data not shown).
FIG. 2.
Scanning electron micrograph of mineral nodule formation of DPSCs grown on OR and DS surfaces after treatment with or without MS for 4 weeks.
824
WANG ET AL.
Human pathway-focused osteogenesis PCR array analysis
Osteogenesis PCR array analysis was carried out to compare the gene profiles of DPSCs grown on SSE surfaces with that of the cells grown on OR and DS surfaces, with or without MS treatment at the time point of 4 weeks. We also compared the gene profile differences between the cells grown on the OR and DS FA surfaces at this time point.
Osteogenesis profiles of DPSCs grown on an OR FA crystal surface were carried out. Without MS, a total of 9 genes out of 84 genes were differentially regulated when the cells were grown on the OR compared with the SSE surface, with seven genes up-regulated and two genes downregulated (Table 1A) .
With MS, a total of 16 genes were differentially regulated when DPSCs were grown on an OR FA surface compared with those on the SSE surface. Fifteen genes were up-regulated, among which the expression of runt-related transcription factor 2 (RUNX2) was regulated with an over 1000-times fold change. The gene of fibroblast growth factor 2 (FGF2) was down-regulated in DPSCs grown on an OR FA surface (Table 1B) .
Osteogenesis profiles of DPSCs grown on a DS FA crystal surface were carried out. Without MS, there were 16 genes differentially regulated when DPSCs were grown on the DS FA surface compared with those seeded on the SSE surface. A total of 10 genes were stimulated, including collagen, type X, alpha 1 (COL10A1) and phosphate-regulating endopeptidase homolog, Xlinked (Phex), and six genes inhibited by the DS FA surface (Table 2A) .
With MS, a total of 17 genes were differentially regulated when DPSCs were grown on the DS FA surface compared with those on the SSE surface. Fourteen genes were upregulated, with an 1139-times RUNX2 up-regulation. The other three genes, bone morphogenetic protein 6 (BMP6), tec   FIG. 4 . Osteogenesis quantitative assay of DPSCs grown on OR, DS, and SSE surfaces with or without MS treatment for 4 weeks. After staining, the quantitative analysis was carried out through the extraction of Alizarin red from stained samples using acetic acid according to the manufacturer's protocols (Osteogenesis Assay Kit, Millipore). Three to five samples from each surface were used for one-way analysis of variance and Tukey's post hoc test, and significance was considered at p < 0.05. (*p < 0.05). 
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FGF2, and CD36, were down-regulated in DPSCs grown on the DS FA surface with MS treatment (Table 2B) . Osteogenesis profiles of DPSCs grown on OR and DS FA crystal surfaces were carried out. Without MS, a total of four genes were differentially regulated when DPSCs were grown on an OR FA surface compared with those on the DS FA surface. BMP4, dentin matrix acidic phosphoprotein 1 (DMP1), and dentin sialophosphoprotein (DSPP) were upregulated, while COL10A1 was down-regulated (Table 3A) .
With MS, a total of seven genes were differentially regulated. The OR FA stimulated six genes, including DMP1, matrix metallopeptidase 10 (MMP10), and transforming growth factor, beta 3 (TGFb3). The Fms-related tyrosine kinase 1 (FLT1) was down-regulated (Table 3B) .
Discussion
In our laboratory, we have synthesized a highly orientated FA film with a prism-like structure that is similar to human enamel. As is well known, natural bone accumulates fluoride ions from the blood, forming a fluoride containing HA. Fluoride ions within the lattice replace hydroxide ions, creating a tighter lattice structure. It is, thus, possible that this FA crystal scaffold could also be applied for various orthopaedic applications. In our previous article, we have discussed the use of the OR FA films as surface preparations that encourage bony integration in dental and orthopedic applications. 5, 7 In this study, we used this enamel-like surface structure as a biomimetic interface between the FA crystals and the DPSCs After the real-time PCR amplification, relative gene expression values were analyzed using the Superarray web-based software package performing all DDC t -based fold-change calculations.
to investigate its influence on their differentiation and mineralization. This was an attempt to establish the FA surfaces as a scaffold for dentin and pulp regeneration and, potentially, as a simple biomimetic model for the creation of an enamel/dentin/pulp complex of the tooth. As in tissue engineering, the well-designed, biomimetic biomaterials or scaffolds are crucial in determining and/or directing the pathway of recruited stem cell differentiation and related new tissue regeneration. Earlier, it was demonstrated that molecules solubilized from the dentin are key in promoting the DPSCs to differentiate and produce a mineralized dentin-like tissue. 8 In the present study, ALP staining was carried out to show the differentiation of DPSCs, as ALP expression is widely accepted as an earlier marker for the differentiation of cells forming hard tissues. However, Alizarin red staining, as well as its related osteogenesis quantitative assay, and tetracycline staining were used to study the late-stage mineralized tissue formation. These results, along with the SEM observation showing mineral nodule formation, suggested that, even without treatment by dentinal soluble molecules or by an MS, DPSCs grown on enamel-like FA surfaces were capable of differentiating into mineralized tissue forming cells and undergoing a subsequent mineralization process. This is consistent with our previous work showing that MG-63 cells grown on the FA surface were able to differentiate and mineralize even without OI. 7 The osteogenesis gene profile analysis was performed to help us explain the mechanisms underlying this DPSC differentiation and mineralization process. As shown in the results, the FA crystal surfaces stimulated the expression of several collagen genes, including collagen type X, XI, and XV with or without MS treatment. A previous study has shown that mutations of collagen type XI resulted in severe abnormalities of bone, which would usually lead to the death of the animals at birth. It was suggested that collagen type XI may have an important function in solid connective tissue development. 9 The up-regulation of collagen type XI and the other collagen genes by the OR FA surfaces are likely to provide a favorable microenvironment for the differentiation of DPSCs with or even without MS treatment.
The Phex, a transmembrane metalloendoprotease, is found to be predominantly localized in teeth and bone. Since it is critical to the process of bone mineralization, it is commonly thought to be one of the required genes for normal bone formation and the process of biomineralization. 10, 11 Without MS treatment, a similar up-regulation of Phex expression was detected on both OR and DS FA surfaces compared with the SSE surface. This would suggest that both OR and DS FA surfaces may stimulate biomineralization through enhanced Phex expression.
With MS, it is most noticeable that Runx2 is significantly up-regulated in cells grown on both OR and DS FA surfaces. Runx2, a downstream target of BMP signaling, is a master transcription factor of the bone that is necessary for the differentiation of pluripotent mesenchymal cells to osteoblasts. Runx2 is required in maintaining fully functional cells and is essential for the initial commitment of mesenchymal cells to the osteoblastic lineage. Runx2 also controls the proliferation, differentiation, and maintenance of these cells. [12] [13] [14] Runx2 is affected by a diversity of signaling pathways. The binding of extracellular matrix (ECM) proteins to cell-surface integrins, FGF2, and BMPs influences Runx2-dependent transcription. 15, 16 Runx2 has also been suggested to be essential for tooth development. 17, 18 It is increasingly expressed in early odontoblasts, but is either low or undetectable in differentiated odontoblasts. 19, 20 Interestingly, Runx2 increased DSPP expression in immature odontoblasts, but down-regulated its expression in more mature cells, showing that the effect of After the real-time PCR amplification, relative gene expression values were analyzed using the Superarray web-based software package performing all DDC t based fold-change calculations.
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Runx2 is dependent on the state of differentiation of the target cells. 21 Among numerous ECM molecules, DMP1 is a bone-, as well as a tooth, specific protein. It was initially identified from mineralized dentin and is believed to be involved in the regulation of mineralization and apatite deposition.
22 DMP1 is crucial in the maturation of odontoblasts and osteoblasts and in the biomineralization process. 23 In the dentin-pulp complex, DMP1 can act as a morphogen in undifferentiated mesenchymal cells, and induce the odontoblast differentiation of DPSCs, as well as dentin-like tissue regeneration. 24 In addition, DMP1 has been shown to nucleate apatite crystals and to induce dentin formation. 25 Both DMP1 and Phex are significantly involved in maintaining appropriate serum phosphate levels required for the normal mineralization of teeth and bone. 26 In our study, without MS treatment, the DMP1 expression was 3.8-fold inhibited in DPSCs on a DS FA surface, while with MS treatment, it was greatly upregulated on both OR and DS FA surfaces compared with the SSE surface. With or without MS treatment, the upregulation of DMP1 was shown in cells grown on an OR FA surface compared with those on a DS FA surface. Since DMP1 is considered one of the key phenotypic mineralization markers, this result was in accordance with the mineralization data, which detected much more mineral formation on OR FA surfaces than on DS FA surfaces with or without MS. In addition, with MS, the enhanced DMP1 expression is consistent with the stronger tetracycline staining of the new mineral formation on FA surfaces.
In our study, the BMP4 and SMAD1 expression of DPSCs grown on FA surfaces was enhanced with MS treatment, but the expression of BMP4 was inhibited in the cells on DS FA surfaces. Promisingly, the BMP4 and BMP6 expression was up-regulated in cells grown on an OR FA surface compared with those on DS FA. Earlier studies demonstrated that BMPs trigger signaling events which induce dentin formation in animal models. 27, 28 Among the 15 known human BMPs, BMP4 has been shown to induce undifferentiated mesenchymal stem cells to differentiate into chondroblasts or osteoblasts. 29 In a previous study, the activation of insulin-like growth factor (IGF) and epidermal growth factor (EGF) pathways has been proved to be closely related to the osteogenesis induction of BMP6, 30 whereas, in our study, the up-regulation of IGF1 was coordinated with the down-regulation of BMP6 in MStreated groups, suggesting that other BMPs members and growth factors may be actively involved in the activation of IGF pathways. Compared with the SSE group, the expression of FGF1 was stimulated on both the OR and DS FA surfaces, whereas the FGF2 were inhibited on FA surfaces with MS treatment, indicating the involvement of FGF signaling pathway during this process. Significantly, FGF1 has been shown to have duel effects on favoring both angiogenesis and osteogenesis, which are crucial in the physiology of the bone development and repair process. 31 Moreover, our study showed the up-regulation of growth factors such as TGFb1 and TGFb3 by the FA surfaces with or without MS. This is consistent with a previous study that the TGFb and FGF family genes appear to be vital in mediating the odontoblast differentiation process. 32 It is also noteworthy that DPSCs behavior differed when seeded on the OR and DS FA surfaces, suggesting that the surface topography of the FA substrate could affect this apatite-directed cell initial adhesion, growth and differentiation, and related mineralization process. 5, 7 It is now well accepted that besides the intrinsic characteristics of a substrate, for example, chemical compositions, charge, and hydrophobicities, the topographical features such as mechanics and the geometric microenvironment also show the potential to direct cell responses, including different cell fate selections. Discher reviewed the response of various cells on different stiffness of a substrate, implying this physical property modulates cell or tissue development, differentiation, and the regeneration process. Moreover, Vogel and Sheetz' review reported the capabilities of cells in sensing the force or geometry of a material, such as substrate rigidity and microstructure, to transfer these physical and geometrical signals into cellular biochemical signals that regulate various cellular activities. Poellmann et al. also showed cell morphological changes to different geometric microenvironments using quantitative measurements. [33] [34] [35] Consistently, our results suggested that different cellular behaviors and biological responses are probably due to the topographically different microenvironment.
In summary, we demonstrated that FA crystal surfaces, especially the OR FA surface, mimicked the physical architecture of enamel, and provided a favorable extracellular microenvironment for the cells. Moreover, it induced and stimulated the differentiation of human DPSCs and mineralized tissue formation without an MS compared with an uncoated metal surface. This demonstrates the promising advantages of FA surfaces as a simple biomimetic model for dentin regeneration, enamel/dentin/pulp complex creation, and as a scaffold for hard tissue engineering.
